Tomato yellow leaf curl virus (TYLCV), a member of the genus Begomovirus, is one of the most important viruses of cultivated tomatoes worldwide, mainly causing yellowing and curling of leaves with stunting in plants. TYLCV causes severe problems in sub-tropical and tropical countries, as well as in Korea. However, the mechanism of TYLCV infection remains unclear, although the function of each viral component has been identified. TYLCV C4 codes for a small protein involved in various cellular functions, including symptom determination, gene silencing, viral movement, and induction of the plant defense response. In this study, through yeast-two hybrid screenings, we identified TYLCV C4-interacting host proteins from both healthy and symptom-exhibiting tomato tissues, to determine the role of TYLCV C4 proteins in the infection processes. Comparative analyses of 28 pro teins from healthy tissues and 36 from infected tissues showing interactions with TYLCV C4 indicated that TY-LCV C4 mainly interacts with host proteins involved in translation, ubiquitination, and plant defense, and most interacting proteins differed between the two tissues but belong to similar molecular functional categories. Four proteins-two ribosomal proteins, Sadenosyl-L-homocysteine hydrolase, and 14-3-3 family protein-were detected in both tissues. Furthermore, the identified proteins in symptom-exhibiting tissues showed greater involvement in plant defenses. Some are key regulators, such as receptor-like kinases and pathogenesis-related proteins, of plant defenses. Thus, TYLCV C4 may contribute to the suppression of host defense during TYLCV infection and be involved in ubiquitination for viral infection.
a symptom determinant (Péréfarres et al., 2012) . Among the viral proteins related to the infection mechanism, the most interesting is C4, which contributes to induction of the plant defense response (Van Wezel et al., 2002) and is associated with pathogenicity (Rigden et al., 1994) , virus movement (Jupin et al., 1994) , and virus-induced posttranscriptional gene silencing (Matić et al., 2016; Vanitharani et al., 2005) .
Infection processes of TYLCV, similarly to other viruses, require protein-protein interactions (PPIs) either among viral components or between the virus and host. Some PPIs are known to be key in causing plant diseases (Bisaro, 2006) . For example, DNA methylation was decreased or suppressed by interfering with the methyl cycle and post-transcriptional gene silencing. TYLCV also highly depends on host proteins because this virus is too small to contain all essential proteins, indicating that the interaction between TYLCV proteins and host proteins is essential for infection processes. This interaction was shown to be involved in DNA replication, transcription, intracellular communication, and virus pathogenicity. Thus, viral core proteins, including C4 protein, form PPI networks likely because most proteins belong to signal pathways as well as metabolic pathways (Van Wezel et al., 2002) . These networks covering many information on all levels of cellular functions may be useful for predicting or identifying the functions of proteins involved in the cellular mechanism through PPIs (Brückner et al., 2009) . At the genome-wide scale, the most effective method for evaluating PPIs is yeast two-hybrid (Y2H) screening, although this method shows a high rate of false-positives. The development of high-throughput Y2H screens has contributed to the establishment of large datasets at the proteome scale, which can be employed for unbiased investigation of potential PPIs (Cusick et al., 2005; Seo et al., 2011) and investigating gene functions as a biological network (Bang et al., 2013) .
The defense mechanism of plants is highly complex, depending on the specific conditions. Thus, we hypothesized that the disease-causing protein C4 of TYLCV differs in its PPIs between healthy and infected tomatoes. After generation of the infected tomato plants, using Agrobacterium-mediated inoculation of TYLCV (Bang et al., 2014) , we conducted high-throughput Y2H screening to identifying proteins that interact with C4 and compared the PPIs of C4-interacting proteins expressed in healthy tomato cDNA libraries to those in infected-tomato cDNA libraries of TYLCV. This approach was adopted to establish the infection mechanisms of TYLCV and plant defense pathways.
By this approach, we found that TYLCV C4 mainly interacts with host proteins involved in translation, ubiquitination, and plant defense. The identified proteins in symptom-developed tissues were involved in plant defenses, and include key components such as receptor-like kinases and pathogenesis-related proteins. Thus, TYLCV C4 may contribute to the suppression of the host defense during TYLCV infection, or be targeted by host defense systems, although TYLCV can overcome this via other mechanisms.
Materials and Methods
Generation of TYLCV-infected tomatoes. Two-weekold tomato plants were inoculated with the infectious TYLCV clone (pCAMBIA0390-TY-1.9mer) (Bang et al., 2014) and maintained in an insect-free containment growth chamber at 27 o C with a 16-h photoperiod. Four weeks later, the symptoms including upward curling, yellowing of leaves, and stunting were observed on the leaves of tomato plants. This gene was amplified by PCR, using a specific primer set (Table 1 ). The amplified gene was confirmed by sequencing and cloned into pENTR/D-TOPO (Invitrogen, Carlsbad, CA, USA) for utilization with the Gateway system, known as pENTR-C4. The C4 gene from entry clones (pENTR-C4) was introduced into pGBKT7 (Clontech Laboratories Inc., Mountain View, CA, USA), which contains a GAL4 DNA-binding domain, Kan r for selection in Escherichia coli, and TRP1 nutritional marker for selection in yeast. As a result, the pGBKT7 vector including the gene coding for C4 protein was generated as bait in GAL4-based two-hybrid system, named as pGBKT7-C4.
Construction of bait vector for
Total RNA and mRNA extraction from healthy and TYLCV-infected tomato plants. Leaves of healthy and TYLCV-infected tomato plants were homogenized or ground in liquid nitrogen into fine powders. The fine powder was used as total RNA, up to 500 mg. Total RNA extraction was extracted using Trizol reagent according to the manufacturer's instructions (Ambion, Carlsbad, CA, USA). The quality and concentration of total RNAs were confirmed using a Nanodrop 2000 spectrometer (Thermo Scientific, Waltham, MA, USA). To acquire pure mRNAs, extracted total RNAs from healthy and TYLCV-infected tomato leaves were purified using the oligotex mRNA spin column protocol (Qiagen, Hilden, Germany).
Synthesis of first-strand cDNAs and amplification of double-strand cDNAs. Extracted mRNAs from two healthy and TYLCV-infected tomato leaves were used to construct two sets of cDNA libraries. Each of the mRNAs from two distinguishable leaves was used to transcribe up to 2 μl of product (approximately 1.0 μg) to obtain each first-strand cDNA, using the Make Your Own Mate & Plate TM Library System (Clontech Laboratories Inc.). This system used two specific primers, SMART III Oligo and CDS III Primer (Clontech Laboratories Inc.) (Table 1) , to synthesize each first-strand cDNA from mRNAs. To amplify highly pure cDNAs, RNase H was added to the first-strand cDNAs. Long-distance PCR proceeded to amplify cDNAs that were treated with RNase H, using Advantage 2 Polymerase Mix (Clontech Laboratories Inc.). The mixture containing 10 μl of 10× advantage 2 PCR buffer, 10 μl of 10× melting solution, 2 μl of 50× dNTP mix, 2 μl of 50× advantage 2 polymerase mix 2 μl, 2 μl of 5′-PCR primer, 2 μl of 3′-PCR primer, and 2 μl of firststrand cDNA were added in a reaction volume of 100 μl. 
/His
-plates to verify the surviving colonies. After spotting the culture, positive colonies exhibiting PPIs were collected. We extracted plasmid including pGADT7 from the collected patches of positive colonies using the Easy Yeast Plasmid isolation kit (Clontech Laboratories Inc.). Extracted plasmids were cloned into E. coli DH5a for amplification and sequencing.
Sequencing of cDNA libraries in pGADT7 vector. Using the specific primer Matchmaker 5′ AD, we sequenced the cDNA of pGADT7 prepared from mRNA containing information regarding PPIs with C4 protein in the pG-BKT7 vector, using a 3730XL DNA analyzer (Macrogen, Seoul, Korea).
Validation of PPI through retransformation.
To test the reproducibility of candidate interactions in retransformed yeast cells to reduce the false-positive interactions after propagation in E. coli, extracted plasmids were retransformed into yeasts and tranformants were spread on SD/Leu 
Results
In situ Y2H screening, using as a TYLCV C4 bait both in healthy and TYLCV-infected tomatoes. Two-week old tomatoes were inoculated using Agrobacterium with the infectious TYLCV clone and empty vector. Both healthy leaves from tomatoes treated with empty vector and symptom-exhibiting leaves from tomatoes treated with the infectious TYLCV clone were collected. After the generation of cDNA libraries from both leaves, we performed Y2H screening, using as a TYLCV C4 bait (pGBKT7-C4). The overall procedures for in situ Y2H screening is shown in Fig. 1 .
Before Y2H screening, we tested the auto-activation of TYLCV C4 to verify the interaction between the bait and prey fusion proteins, using the expression of the reporter gene HIS3 and His3 auxotrophic yeast cells on histidinedeficient medium. When pGBKT7 including C4 was coexpressed with pGADT7-empty in histidine-deficient medium, yeast cell growth was not detected. Values are presented as clone numbers.
Fig. 2.
Amplified bands of cDNA inserts from positive C4-interacting clones. Diversity of C4 interaction partners in pGADT7 from healthy and Tomato yellow leaf curl virus C4-infected tomatoes was detected by PCR, using Matchmaker AD primers (Table  1) . DNA ladder marker is 1-kb(+) ladder molecular size marker. Amplified empty pGADT7-Rec was used as a control (C).
Tomato yellow leaf curl virus C4 Protein-Interacting Tomato Proteins
In the screening of clones on SD/Leu -/Trp -/His -medium, 75 and 76 clones were chosen as candidate clones from healthy and TYLCV-infected tomatoes, respectively ( Table 2 ). The insert sizes of the acquired clones were determined by Y2H screening, using cDNA libraries prepared from leaves of healthy and symptom-exhibiting tomatoes, and evaluated by PCR (Table 1) . Diverse bands indicated the sizes of inserted cDNA were observed by electrophoresis (Fig. 2) . Identification of C4 interaction proteins encoded by pGADT7. Prey vectors, which were pGADT7 with cDNA inserts, from 28 and 36 positive clones were extracted for sequencing of the cDNA inserts in pGADT7. The sequences of cDNA inserted into pGADT7 during amplification in E. coli DH5a were obtained and cDNA inserts were identified using the National Center for Biotechnology Information BLASTn, which searches based on sequence similarity (Table 3, 4).
Validation of positive interactions

Functional grouping of C4-interacting proteins based on gene ontology (GO). C4-interacting proteins were
categorized into five groups, including translation, ubiquitination, support of defense production, plant defense, and others, based on open source of GO (http://www.uniprot. org/) (Fig. 3, Table 5 ).
Within the translation group, all four proteins were ribosomal proteins and eukaryotic translation factors in healthy tomatoes, whereas two additional proteins, ATrich interactive domain containing protein 5 and asparagine-tRNA ligase, were observed in TYLCV-infected tomatoes. Two proteins, 40S ribosomal protein SA and 60S ribosomal protein L28-1, were identified both in healthy and TYLCV-infected tomatoes. Six and seven proteins related to the ubiquitination group were identified in healthy and TYLCV-infected tomatoes, respectively. Regarding the support of defense production, most proteins were ribulose bisphosphate carboxylase small chains in healthy tomatoes, whereas many in TYLCV-infected tomatoes were related to dehydrogenase function (Table 5) .
Notably, a 2-fold greater number of proteins related to plant defense were observed in TYLCV-infected tomatoes than in healthy tomatoes. In addition, some in TYLCVinfected tomatoes are well-known regulators of plant defense, including late blight resistance protein homolog R1A-10-like, leucine-rich repeat receptor-like serine/ threonine-protein kinase, and pathogenesis-related leaf protein 6. Two plant defense-related proteins, S-adenosyl-L-homocysteine hydrolase (SAHH) and 14-3-3 family protein, were found to be C4-interacting proteins both in healthy and TYLCV-infected tomatoes.
Within the others group, TYLCV coat protein and phytosulfokines 3-like, plant peptide hormones belonging to the growth factor family were identified only in TYLCVinfected tomatoes. Interactions of TYLCV C4 with TY-LCV coat protein and phytosulfokines 3-like suggest that TYLCV C4 is involved in other unknown functions such as the proliferation of tomato cells. 
Fig. 3. Construction of protein-protein interaction (PPI) map between
Tomato yellow leaf curl virus (TY-LCV) C4 and putative interacting proteins based on gene ontology analysis. C4-interacting partners in healthy and TYLCV-infected tomatoes were divided into five groups: translation (blue node), ubiquitination (dark blue node), support of defense production (purple node), plant defense (pink node), and others (yellow node). A green color node represents C4 as a bait with cDNA library generated from healthy tomatoes and red represents C4 as a bait with cDNA library generated from TYLCV-infected tomatoes.
Healthy tomato
Treated tomato by C4 protein of TYLCV
Discussion
We conducted the Y2H screening using cDNA libraries prepared from healthy and TYLCV-infected tomatoes, and identified C4-interacting proteins in two different tomato leaves. These C4-interacting proteins were divided into five major groups based on GO analyses, as shown in Table 5 . Although the identified C4-interacting proteins between healthy and TYLCV-infected tomato leaves were different, except for four proteins such as two ribosomal proteins, SAHH, and 14-3-3 family protein, these proteins mostly belonged to the same GO categories (Fig. 3) . C4-interacting partners related to plant defense systems were much more frequently observed in the cDNA libraries of infected tomato leaves than in those of healthy tomato leaves. This suggests that host regulators involved in the infection mechanisms of TYLCV or defense mechanism against TYLCV are more prevalent in TYLCV-infected plants than in healthy plants because the cellular mechanisms between healthy and infected plants differ during virus infection. Among these putative C4-interacting partners were the plant defense proteins SAHH and 14-3-3 family protein, which were identified both Y2H screenings. These two putative C4 interaction partners can be considered key factors related to the defense mechanism 384 According to previous studies (Li et al., 2015; Pereira et al., 2007) , SAHH is a key enzyme that regulates the methyl cycle. This methyl cycle begins with S-adenosylmethionine (SAM), which donates a methyl group. SAdenosylhomocysteine (SAH) is produced from SAM via methyl group transfer. Since SAH is a powerful inhibitor of SAM-dependent methyltransferase, SAH should be quickly hydrolyzed by SAHH. Thus, SAM-dependent methyltransferase relies on SAHH for its function in the methyl cycle ( Fig. 4 ; Cañizares et al., 2013) . For example, knock-down of SAHH in tobacco plants, which mediates the methylation of the 5′ end of some viral RNAs and is a prerequisite for the replication of such viruses, enhanced plant resistance to viruses such as Potato virus X, Cucumber mosaic virus, and Tobacco mosaic virus (Both et al., 1975; Choi et al., 2011) . In contrast, the βC1 protein of betasatellite of Tomato yellow leaf curl China virus (TYCCNB) inhibits SAHH activity and suppresses methylation-mediated transcriptional gene silencing (Yang et al., 2011) . Hence, TYLCV C4 can inhibit either the methyl cycle, which mediates transcriptional gene silencing in plants, or replication of viral RNAs to induce successful infection (Fig. 4) .
We expect that another responsive regulator against TYLCV is a 14-3-3 family protein because this wellknown protein contributes to signal transduction cascades. The 14-3-3 proteins act as sensors of the status of specific phosphorylation sites with multiple functions and bind diverse signaling proteins. Their general functional mecha nisms include the blocking of binding to other proteins interacting with target proteins, alter localization in a target protein, cross-link two proteins, transition of catalytic activity at a target protein, and protect a target protein from post-translational regulation (Lozano-Durán and Robatzek, 2015) . Among the functions of 14-3-3 proteins related to plant defense, the HopM1 effector of Pseudomonas syringae suppresses pathogen-associated molecular patterns-triggered response oxidative stress by binding Arabidopsis 14-3-3 protein (Lozano-Durán et al., 2014; Nomura et al., 2006) . The regulation of programmed cell death in tomato is associated with the 14-3-3 protein TFT7 against several pathogen virulence proteins (Oh et al., 2010) . Although 14-3-3 family proteins play an important role in plant-pathogen interactions, it remains unclear how 14-3-3 family protein acts in defense responses against virus infection or how the virus escapes 14-3-3 protein-mediated defense.
In addition to the above two putative C4 interaction par tners, there are two other common partners: 60S ribosomal protein L28-1 and 40S ribosomal protein SA-like. These two proteins may be involved in either translation of viral mRNA or translation of host proteins, which contributes to creating favorable conditions for TYLCV infection.
As described above, C4 showed four interacting partners in both cDNA libraries. Some C4-interacting proteins among the plant defense group in TYLCV-infected tomatoes are well-known regulators of plant defense responses. For example, leucine-rich repeat receptor-like serine/ threonine-protein kinase and late blight resistance protein homolog R1A-10-like are likely involved in signaling and disease resistance (Goring and Walker, 2004) . Pathogenesis-related leaf protein 6 is activated by pathogen attack (Goyal et al., 2016) . The importin subunit alpha-1a-like plays a key role in plant defense signaling (Wirthmueller et al., 2013) and oxygen-evolving enhancer protein 1 is thought to be involved in the defense response to pathogens, such as reactive oxygen species. The identification of these proteins suggests that diverse immune systems occur during TYLCV infection processes.
In conclusion, we conducted Y2H screening to verify the differences of TYLCV C4-interacting proteins between healthy and infected tomato leaves. By this approach, we identified putative key regulators, including SAHH, 14-3-3 proteins, leucine-rich repeat-receptor like kinase, and PR1R1 related to responsive proteins against infection of TYLCV, and found that C4-interacting proteins from infected plants were more frequently associated with defense or disease responses than those in healthy plants. Our results regarding C4-interacting proteins agree with known TYLCV C4-mediated cellular functions, induction of plant defense response, pathogenicity, and virus-induced post transcriptional gene silencing. Our results also suggest putative host regulators in these functions. 
